Signaling by heterotrimeric GTP-binding proteins (G proteins) drives numerous cellular processes. The number of G protein molecules activated by a single membrane receptor is a determinant of signal amplification, although in most cases this parameter remains unknown. In retinal rod photoreceptors, a long-lived photoisomerized rhodopsin molecule activates many G protein molecules (transducins), yielding substantial amplification and a large elementary (single-photon) response, before rhodopsin activity is terminated. Here we report that the elementary response in olfactory transduction is extremely small. A ligand-bound odorant receptor has a low probability of activating even one G protein molecule because the odorant dwell-time is very brief. Thus, signal amplification in olfactory transduction appears fundamentally different from that of phototransduction.
Signaling by heterotrimeric GTP-binding proteins (G proteins) drives numerous cellular processes. The number of G protein molecules activated by a single membrane receptor is a determinant of signal amplification, although in most cases this parameter remains unknown. In retinal rod photoreceptors, a long-lived photoisomerized rhodopsin molecule activates many G protein molecules (transducins), yielding substantial amplification and a large elementary (single-photon) response, before rhodopsin activity is terminated. Here we report that the elementary response in olfactory transduction is extremely small. A ligand-bound odorant receptor has a low probability of activating even one G protein molecule because the odorant dwell-time is very brief. Thus, signal amplification in olfactory transduction appears fundamentally different from that of phototransduction.
Odorants activate specific receptor proteins (1) on the cilia of olfactory receptor neurons (ORNs) and, by way of a G protein (G olf ), stimulate an adenylyl cyclase (type III) to synthesize adenosine 3 ¶,5 ¶-cyclic monophosphate (cAMP) (2, 3) . cAMP opens a cyclicnucleotide-gated (CNG) cation channel to produce a membrane depolarization (2, 3) . Influx of Ca 2þ through the CNG channel opens a Ca 2þ -activated chloride (Cl) channel, leading to Cl -efflux and further depolarization (2, 3) . Simultaneously, the Ca 2þ influx decreases cAMP synthesis and the effective affinity of CNG channels for cAMP, both effects producing olfactory adaptation (2, 3) .
Little is known about signal amplification in olfactory transduction. It has been suggested (4) that, in physiological (Ringer) solution, a single odorant-receptor molecule triggers an elementary (or unitary) olfactory response of È1 pA in membrane current, indicating an amplification similar to that in phototransduction. However, this conclusion has been challenged (5, 6) . The supralinear relation (i.e., Hill coefficient 91) reported between odorant concentration and response amplitude (7) is also puzzling because it may suggest a nonlinear summation of the elementary responses. At odorant concentrations low enough to give few odorant-binding events, the overall response should arise from spatially segregated, noninteracting transduction domains on the cilia triggered by individual activated membrane receptor molecules (the Bunits[). Thus, despite intrinsic transduction nonlinearities Emultiple cAMP molecules are required to open a CNG channel (2, 3) and multiple Ca 2þ to open a Ca 2þ -activated Cl channel (2, 3)^, these segregated domains should sum linearly, as is the case for singlephoton responses in rod photoreceptors (8, 9) .
To characterize the elementary olfactory response, we measured membrane currents from single, dissociated frog ORNs with the suction-pipette method (10, 11) . By stimulating an ORN in normal Ringer solution with a brief pulse of the odorant cineole (12), we confirmed a supralinear relation between response amplitude and odorant concentration (Hill coefficient n 0 1.5 to 6.0; mean T SD 0 3.0 T 1.6 from nine cells) (Fig. 1 , A and C). At low (20 mM) external Ca 2þ concentration Ereplaced by equimolar Mg 2þ to retain divalent block of the CNG channel (13)^, the response to a weak stimulus increased substantially, presumably owing to removal of Ca 2þ -dependent adaptation. The foot of the dose-response relation also became linear ( Fig. 1 , B to D) (14 cells). Likewise, a supralinear relation between response amplitude and odorant duration (at constant concentration) in Ringer solution ( Fig. 1E ) (n 0 2.8 T 0.8 from six cells) became linear in 20 mM Ca 2þ solution ( Fig. 1F) (14 cells) . The simplest interpretation of the linearity is that only one odorant molecule is required for activating a membrane receptor and that, at low event frequencies, the elementary responses indeed sum linearly. The odorant concentrations in Fig. 1 , A to F, were high because of the short odorant pulses used. Longer stimulus durations in either Ringer or 20 mM Ca 2þ solution decreased the halfsaturating odorant concentration (K 1/2 ) of the dose-response relation (Fig. 1, G and H) . The lowest K 1/2 with a 500-ms cineole stimulus was È1 mM from more than 340 cineoleresponsive cells (12) ; this value would presumably be even lower with longer stimulus durations.
To perform quantal analysis (14) for extracting information about the unitary response, we decreased the external Ca 2þ concentration to 100 nM to further increase the response. Successive weak, identical odorant pulses elicited responses with a constant time course but fluctuating, quantized amplitudes (Fig. 2,  A and B) . Assuming Poisson statistics, the variance/mean ratio (s 2 /m) of the response ensemble (8) (Fig. 2B, inset) gave a unitary response amplitude of 0.9 pA, matching the first nonzero peak in the amplitude histogram. Dividing the mean response (2.9 pA) by 0.9 pA yielded a mean quantal content of 3.2. The predicted amplitude distribution can thus be generated from the Poisson distribution ( Fig. 2B) (12) . This fits well with the experimental histogram, hence validating Poisson statistics. A total of five cells were analyzed, with similar results. The unitary amplitude was quite similar from cell to cell ( The quantal analysis was repeated with an external Ca 2þ concentration of 20 mM. The unitary response was smaller (0.42 pA in Fig. 3 , A to C) and only extractable from s 2 /m. In cases (e.g., Fig. 3D ) where the unitary amplitude was estimated at several mean response amplitudes (by varying odorant concentration or duration) in the same cell, this value was fairly constant, further validating the variance analysis. Again, the unit across cells was quite constant (0.40 T 0.07 pA, 18 cells) (Fig. 3E) , despite randomly selected ORNs Eeach of which should have a different odorant receptor (1, 15, 16) ^and the use of several odorants (cineole, isoamylacetate, and acetophenone). Thus, the unitary response amplitude appears to be independent of the odorant or the receptor.
As expected, the quantal analysis in normal Ringer solution failed, owing to the nonlinear dose-response relation. Nonetheless, the unitary amplitude can still be estimated. Linear extrapolation from the foot of the doseresponse relation in Ringer solution containing 20 mM Ca 2þ (Fig. 1C ) gave a macroscopic current of 132 pA at 300 mM cineole. Dividing this value by a unitary amplitude of 0.4 pA at this Ca 2þ concentration yields 330 events. In Ringer solution, the same cineole concentration elicited a response of only 5 pA. Thus, the unitary amplitude in Ringer solution would be 5/330 0 0.015 pA (assuming the receptor-odorant interaction to be Ca 2þ independent). This is an upper estimate because some nonlinear summation of units may already exist at 5 pA. From analysis of five cells, similar calculations gave a mean unit size of 0.026 (T 0.015) pA, a factor of 100 smaller than previously reported (4) . Why is the foot of the dose-response relation linear in low-Ca 2þ solution but not in Ringer solution? Simply, the unitary response in Ringer solution is so small that, in any detectable macroscopic response, there are already so many binding events that their domains overlap spatially and hence sum supralinearly owing to the intrinsic transduction nonlinearities.
To confirm that the unitary response is independent of the receptor-odorant complex (Figs. 2C and 3E ), we examined ORNs that responded to two odorants separately (very rare encounters). In Fig. 4A , a 50-ms pulse of either 1 or 2 mM acetophenone in 20 mM Ca 2þ solution elicited small, identical responses (suggesting that all receptors were bound). In contrast, a 1 mM cineole pulse half as long (25 ms) produced a response seven times as large as that to acetophenone, possibly before saturating all receptors. Thus, the efficacy of cineole in activating the odorant receptor in this cell was at least 14 times that of acetophenone. Nonetheless, the unitary responses derived from s 2 /m were È0.5 pA for both odorants and had comparable response kinetics (Fig.  4A ). Four other cells gave similar results.
The similar response kinetics elicited by two odorants of widely different efficacies on a cell suggests that the odorant dwell-time Ea parameter coupled to the efficacy of the receptorodorant complex (12) ^is not a dominant time constant in the response waveform; otherwise, the more effective odorant would have elicited a more prolonged response (12) . Also, if a single membrane receptor, during the odorant dwell-time, activates a large number of G protein molecules, an odorant with a longer dwell-time should produce a larger unitary response. Thus, a parsimonious interpretation of the constant unitary response is that the receptor-odorant complex has a low probability of activating even one G olf molecule (although this probability will still determine the relative sizes of the macroscopic responses triggered by different receptor-odorant complexes). Consequently, the action of one G olf molecule Eformally equivalent to the action of one adenylyl cyclase molecule because one G protein molecule at most activates one adenylyl cyclase molecule (17) ^should become the dominant unitary event underlying the stochastic response fluctuations. This could explain the constancy of the unitary response because essentially all ORNs use G olf and adenylyl cyclase for transduction. In short, a very low amplification exists between an odorant-binding event and the activation of adenylyl cyclase. Theoretically, an alternative scenario of one receptor activating multiple G olf molecules is also possible, but the probability of G olf activating adenylyl cyclase would have to be proportionately reduced further. We think this scenario is unlikely because of the short dwelltime of odorant on the receptor (see below).
Not only is the relation between response amplitude and odorant duration linear in lowCa 2þ solution, but it also has a time intercept near zero (14 cells) (Fig. 1F ). This time intercept is a measure of the effective odorant dwell-time, provided the odorant on-rate far exceeds its off-rate (12) . Accordingly, we stimulated an ORN (at 20 mM Ca 2þ ) with an odorant pulse at concentrations high enough to bind all of the receptors. Twenty-five millisecond pulses of cineole at 1, 1.5, or 2 mM all produced the same response amplitude (Fig. 4B) , indicating saturation of the receptors. When applied for 50 ms at these concentrations, the pulses produced responses exactly twice as large, indicating that the responses were within the linear range (i.e., no compression due to downstream transduction steps) with respect to their dependence on odorant duration. The relation between odorant duration and response amplitude at 2 mM cineole extrapolated to a time intercept near zero (Fig.  4B) . A total of six experiments gave a time intercept of -3.2 to þ8.1 ms (mean T SD 0 
, where I is current response, I max is maximum current, C is odorant concentration, K 1/2 is the concentration required to elicit half the maximum response, and n is the Hill coefficient. The curve is fit with I max 0 82 pA, K 1/2 0 625 mM, n 0 2. Fig. 1 , B, D, and F, were obtained upon ''clamping'' the internal Ca 2þ concentration during the olfactory response by replacing external Na þ in the low-Ca 2þ solution with the permeant guanidinium ion to simultaneously stop Ca 2þ influx through the CNG channel and Ca 2þ efflux through the Na-Ca exchanger (11, 24) . þ2.3 T 4.1 ms; the small positive mean value perhaps reflected slight measurement uncertainties). Thus, the odorant dwell-time on the receptor was at most on the order of 1 ms. Because it is so short-lived, the receptor-odorant complex is unlikely to activate a G olf molecule. Even for rod phototransduction, known for its high amplification, one photoisomerized rhodopsin molecule will activate only 0.1 G protein (transducin) molecule in 1 ms (12, 18) . Indeed, even when rendered continuously bound to ligand by high odorant concentration (Fig. 4B) , the receptor apparently still had a low probability of activating any G olf in a time window up to 50 ms (up to at least 100 ms in other experiments); otherwise, concatenated binding events on the same receptor molecule would have produced overlapping domains of activation and a nonlinear relation between macroscopic response and odorant duration. In short, the brief odorant dwell-time leads to a low probability of activating G olf , consistent with the constancy of the unitary event across cells. This interpretation does not depend on the detailed molecular mechanism for the receptor-G olf interaction, either by diffusion (as with rhodopsin-transducin interactions) or by close-range interactions in a complex of signaling molecules. If a signaling complex exists, its purpose is unclear because of the low probability that the receptor-odorant complex will activate G olf . It is generally thought that one active G protein-coupled receptor (GPCR) molecule activates multiple downstream G protein/effector enzyme molecules, providing amplification. In rod phototransduction, one photoisomerized rhodopsin certainly activates many transducins before shutoff by phosphorylation and arrestin binding (18, 19) . We find that this is not necessarily so for olfactory transduction (and, by extension, perhaps some other ligand-activated GPCR pathways as well). The receptor-odorant complexes, at least those observed here, lasted G1 ms. Apart from a low probability of activating any G olf , the complexes may be too short-lived to be phosphorylated by a G proteincoupled receptor kinase (GRK), whether or not this mechanism exists in ORNs (20) (21) (22) . Our experiments indicate that, even if continuously bound to ligand, a receptor is not inactivated at least up to the order of 100 ms (otherwise A short-lived receptor-odorant complex does not preclude an overall high olfactory sensitivity. Repeated bindings of odorant molecules to the same receptor allow signal integration, especially if receptor phosphorylation does not occur (unlike in vision, where a photon acts only once and a photobleached pigment molecule is nonfunctional). The total rate of odorant-binding events is also amplified by orders of magnitude by the total number of receptor molecules on an ORN. The supralinear interactions occurring when unitary transduction domains overlap can further enhance sensitivity at intermediate odorant concentrations and durations. Finally, a high convergence of sensory input at the glomerulus (23) may boost sensitivity. The glomerulus is the synaptic plexus in the olfactory bulb that integrates signals from all ORNs expressing the same odorant receptor species. In principle, this convergence can increase indefinitely by simply expanding the surface area of the olfactory epithelium and therefore the number of ORNs expressing a given odorant receptor. This increase in convergence may explain why the olfactory sensitivity in many animals is much higher than it is in humans. Unlike the retinotopic map in vision, which imposes a functional limit on the degree of convergence from photoreceptors, no corresponding limitation exists in olfaction. Predation is a major cause of mortality for most species of animals, and many produce alarm signals when they perceive a potential predator (1) . Alarm calls often differ in acoustic structure, depending on the situation in which they are produced (2) (3) (4) (5) . If a species is preyed upon by different predators that use different hunting strategies or vary in the degree of danger they present, selection can favor variation in alarm signals In experiments where the olfactory response was recorded in low-Ca 2+ Ringer, the bath was typically switched to low-Ca 2+ solution for 2 sec before the odorant pulse was applied, and then returned for at least 10 sec to normal Ringer after subsidence of the response before another odorant pulse was given to the cell. For experiments on quantal analysis, which involved a large number of weak stimuli, the above solution changes were shortened so that the duration between successive stimuli could be as short as 5 sec (see, for example, Fig. 2A in paper) . When bath solution was switched to low-Ca 2+ Ringer, a cell generally fired several action potentials and became quiescent afterwards; upon odorant stimulation, action potentials did not always appear.
In normal Ringer, however, odorant stimulation typically elicited action potentials. Sometimes, an inward current appeared upon exposure of the cell to low-Ca 2+ Ringer. This current appeared to reflect constitutive transduction activity in some ORNs (unpublished observation). All results reported in the paper were from cells in which this current was absent.
Normal Ringer contained (in mM) 111 NaCl, 2. guanidinium, NaCl was replaced by guanidinium chloride, and titration was made with tetramethylammonium hydroxide instead of NaOH. 10 mM glucose was added to all solutions on the day of experiment. All recordings were done at room temperature (20-23 o C)
Odorant solutions were made daily from pure stocks (Sigma). In most experiments involving a single odorant, cineole was used; otherwise, isoamylacetate was used. The conclusions were similar for both odorants. In experiments comparing the effects of two odorants on the same cell, cineole was compared to either isoamylacetate or acetophenone.
Again, both pairings gave similar results. Altogether, close to 2,000 ORNs were studied. Of the three odorants, cineole was able to elicit responses from the largest number of cells (195 cells, ca. 10 %). Accordingly, very few cells were encountered that responded to each of two odorants (cineole/isoamylacetate or cineole/acetophenone). Odorant concentrations were 1 µM to 2 mM.
With the brief stimulus durations (e.g., 25 msec) that we used, we had to use higher concentrations than generally reported in the literature, because the K 1/2 for eliciting a response depended strongly on the duration of odorant stimulation. We deliberately used very brief odorant pulses in order to focus on the "impulse response" of the cells (see also Supporting
Online Material, section S1). In most of the experiments reported here, a cell was typically stable for ≥ 1 hr with little or no obvious decline in sensitivity.
Quantal and variance analyses. The approach was essentially the same as that previously 
(t) and h(t), or ∫[r(t') × h(t-t')] dt'. If r(t) is very brief compared to h(t), this integral simplifies to [∫r(t') dt'] × h(t). In other words, the amplitude of the response is simply
proportional to the time-integrated receptor activity.
S2. Odorant dwell-time and the relation between odorant duration and response amplitude
To get a sense of how the odorant dwell-time is reflected by the relation between odorant duration and response amplitude, we adopt the following simple kinetic scheme for the activation of the odorant receptor protein: 
where f(t) is the fraction of R in the (R.L)* state at time t after the start of the odorant pulse, and g(t') is the decay time course of f(T) after the removal of L (t' designates the time lapsed after odorant removal). 
S4. Probability of missing the most sensitive receptors in our experiments
We have recorded from close to 2,000 ORNs overall, of which 195 cells (about 10%) responded to cineole. Assuming, for simplicity, roughly equal distributions of receptor proteins among ORNs, we may conclude that about 10% of all receptor proteins responded to cineole.
From 65 of the 195 cells, the K 1/2 for a 500-msec cineole stimulus (the longest duration used) was 1-500 µM (131 ± 142 µM). In another 98 cells with the same cineole stimulus, K 1/2 was >100 µM but not determined exactly. In a previous study with identical conditions by one of us (8), 6 of the 9 most sensitive cells out of >180 cineole-responsive ORNs gave K 1/2 values of 3-8 µM with a 1-sec stimulus (the remaining 3 cells gave lower, but undetermined, K 1/2 values).
Thus, a K 1/2 ~ 1 µM (500-msec stimulus) may correspond to the highest sensitivity to cineole.
Furthermore, the total number of cineole-responsive cells for which we have information about
There is no published report of the number of odorant receptor species in adult frog. A study (9) If there are 300 receptor proteins in adult frog, the number of cineole-responsive receptor proteins will be ca. 30 (i.e., ~10%). Thus, the probability that we could have missed, after measuring sensitivity from > 343 cineole-responsive cells, any receptor among the pool of 30 cineole-sensitive receptor proteins is less than 0.97 343 = 2.9 × 10 -5 , which is very low indeed. If there are 500 receptor types, the probability of missing any one cineole-responsive receptor will be less than 0.98 343 = 9.8 × 10 -4 . Even if there were as many as 1,000 receptor types in frog as in mouse, the probability of missing any one cineole-responsive receptor would still be less than 0.99 343 = 0.03, which is quite small. 
